12 United States Patent

Zhuang et al.

US010916478B2

(10) Patent No.: US 10,916,478 B2
45) Date of Patent: Feb. 9, 2021

(54)

(71)

(72)

(73)

(%)

(21)

(22)

(65)

(1)

(52)

METHODS OF PERFORMING FIN CUT
ETCH PROCESSES FOR FINFET
SEMICONDUCTOR DEVICES

Applicant: GLOBALFOUNDRIES U.S. Inc.,
Santa Clara, CA (US)

Inventors: Lei L. Zhuang, Ridgefield, CT (US);
Balasubramanian Pranatharthiharan.

Watervliet, NY (US); Lars Liebmann,
Poughquag, NY (US); Ruilong Xie,
Schenectady, NY (US); Terence Hook,
Jericho, VT (US)

Assignee: GLOBALFOUNDRIES U.S. Inc.,
Santa Clara, CA (US)

Notice: Subject to any disclaimer, the term of this

patent 1s extended or adjusted under 35
U.S.C. 154(b) by 124 days.

Appl. No.: 15/899,508
Filed:  Feb. 20, 2018

Prior Publication Data

US 2019/0259670 Al Aug. 22, 2019

Int. CIL.

HOIL 21/8238 (2006.01)
HOIL 27/092 (2006.01)
HOIL 29/06 (2006.01)
HOIL 29/08 (2006.01)
HOIL 29/66 (2006.01)
HOIL 21/8234 (2006.01)
HOIL 29/78 (2006.01)
HOIL 27/11 (2006.01)
U.S. CL

CPC ...l HOIL 21/823821 (2013.01); HOIL

21/823481 (2013.01); HOIL 21/823814
(2013.01); HOIL 21/823878 (2013.01); HOIL
27/0924 (2013.01); HOIL 29/0653 (2013.01);

i T
" '|.-r“"
i

HO1L 29/0847 (2013.01); HO1L 29/66545
(2013.01); HOIL 27/1104 (2013.01); HOIL
29/7848 (2013.01)

(358) Field of Classification Search
CpPC ... HO1L 21/823878; HOIL 21/823821; HO1L
21/82385°7; HOIL 27/0924; HOIL
29/0653; HO1L 29/66454; HO1L 27/762;
HO1L 29/66795; HO1L 29/0649; HO1L
21/823431; HO1L 21/823481; HOIL
21/823814; HOIL 29/66345; HO1L
29/161; HO1L 29/1608; HO1L 29/0847;
HO1L 29/785; HO1L 21/76229; HOIL
2'7/0886; HO1L 21/823412; HOIL
21/823425; HO1L 29/7848
USPC ... 257/401, 368, E21.409, E27.06; 438/296
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

8,003,466 B2 8/2011 Shi et al.
8,569,152 Bl  10/2013 Basker et al.

(Continued)

OTHER PUBLICATTIONS

Oflice Action and English Translation thereof for corresponding TW
Patent Application No. 10721162020 dated Dec. 10, 2018, 9 pages.

Primary Examiner — Mouloucoulaye Inoussa

(74) Attorney, Agent, or Firm — David Cain; Hoflman
Warnick LLC

(57) ABSTRACT

In a self-aligned fin cut process for fabricating integrated
circuits, a sacrificial gate or an epitaxially-formed source/
drain region 1s used as an etch mask 1n conjunction with a
fin cut etch step to remove unwanted portions of the fins. The
process eliminates use of a lithographically-defined etch
mask to cut the fins, which enables precise and accurate
alignment of the fin cut.

20 Claims, 21 Drawing Sheets

‘\&
N

AR

— '\'x.-- N ¥, . L e F: 42 oy '
L] . +r:. I.-'i W :IQ .1“:
SR Wit ~ N
R RO L\
.
e
o
e,
.,
N R AR L

P ATy e T R
: ‘ﬂ‘f&;‘u'“* U M A M |
Lo L ] i gl i Y
p L - . -
T I - . | _l' [ -

[ 1 . o ry o= . . H '_.

NN _:.u-'%ilﬂ“::?:’-?-:w:?:%ff‘*

PN

Ay N , .
; e : P s e T =
- T it P e L T L L
LA a{:. 4 h S -
= 1"‘- T L T i A

.....

it SR L = B T L i o A L
O T TR P . B T
e .‘f“«:;w._:f' A R I T R _:f}{"-.. R T
¥ . RS Al '-\._ S ' R .:-"'\-."-'-..'. -‘_'-\._.-'..I- a L '...'\-_.' o - "._ - -\.\.. [ -\._.'.::l'...- " .
; RSN ._.";- -3 i ;'-. '-\.'H‘.': e l'"-_l-ul" 2 ._.f ! - R e T .-"':':. Lt "'{"-"'.- :J
T R . ORCHCRORCOR I P A : e R N B R,
L \\ T ot e R NS TR . o e e e e T
-!'I' T L . - ""_l" - \1‘ x"-\- LR .l'l'H. " .H} . .H\'L T L L LN \'\-\. - .':".."\- P
.. N N . .. b i~ v’f' g n e n L
by " .V A iy 3
O a - /J‘{ / .




US 10,916,478 B2
Page 2

(56)

20
20

9,362,181 B1*
2011/0193167 Al*

16/02684 ]
16/03363 ]

20

References Cited

U.S. PATENT DOCUM]
6/2016 Xie .........
8/2011 Fung .......

4 A1* 9/2016 Park
5 A1* 11/2016 You .........
1 Al 5/2017 Xie et al

7/01412

* cited by examiner

EINTTS

iiiiiiii

tttttttttt

tttttttttttttttttttt

tttttttttt

HOIL 21/823878
HO1L 21/26506

257/350

HOIL 29/0657
HO1L 29/42364



US 10,916,478 B2

Sheet 1 of 21

Feb. 9, 2021

U.S. Patent

18V dOlHG

. Ol

W
’-'!7"
WA W O e

e R D Y M W O N OB Ay
1.__!___I.lhl"l‘“ﬁiiﬁﬂﬂ”i!il“l‘i!l“:!!ﬂﬂﬂ.‘-f&ﬁ: LY RV VI WYY . l_.mﬂ *
& @ T, 2

+ +.

* ko

* ko ko d

+
.._.__.u__u_ g
W s gy Ay RO T

ol
-

r

L L B B B L B B N BN

* + + + F F F o+ FFFFEFFEFEFFEFFEFEFEFEFFEFFEFEFFEFFEFEEFEFFEFFEFEEFEFFEFEFEFEFEFFEFEFEFEFFEFEFEFEFEFFEFFEFEFEFEFEFEFEEFEFFEFEFEFEEFEFFEFFEFEFFEFEFEEFEFFEFEFEEFEFFEFEFEFFEFEFEFEFFEFEFEFEEFEFFFEEFEFFEFEFEFEFEFFEFFEFE A FFEFFEFEFFEFFEFEEFEFEFEFEFEEFEFFEFEFEFEFFEFEFEFEFFEFEEFEEFFEFFEFEFFEFEFEFEFEFFEFFEFEEFEFFEFEFEFFEFFEFE A FEE T
-
.-.-

+h

+

LN B B L N B

4

R N R R N R R R N R T R R O R T R T R R R R e e ek

Ay ra A
+
+



*
+
-
s
.

!
-

+
=

L

+
+
e
5 -
!
b
+ * + L + + + - * + + + * L [ A + *
! + + + + o - g + + '+ L] [ ] ! + + + - ! - + + + + [} * +
= 1 + + L [ = - * - - - + L i = L % - + +
! - L - [ x, L - ] ", - T ", - " = - "
i . ... o " - i - - = - o - E > ! i
- . ! '+ '+ & (1 . L - + + & (1 . '+ o i - & + + + [ i +
+ L * + + + 1 (! + + + + + (3 [ L + + + + i i’ * + + + = Y + 1
+ + + +* + 'l ] + + + + 4 &) + + + + + - H + + + + + + + +
+ + + + + + ] + + + + 4 [ + + + + 4 ]l + + + + + + + +
+ 2 - ' + + + + [ r + + + + + r + + + + + v + + + + ] + +
+ +* -~ + + ] v ] + + + + + el ] + + + + ] - ] + + + ] - + .
+ z 1 ] e + + ! H - r [} o + + r + Et 4 r o r F rl + c] ]
A n A Lh - o " 3 A 1 h b b A o - o - -3 =5 h A I . \
'
b ] = . * b ML _ L . EF 4+ n - + * + +, " - - + + - - + + - + " [ - + + F . + S + ¥
. - . - - - - * N K - - - -
" " ' ¢l '+ Y - n - - n r s
bl a L - h - il [ g + e 1 - - h il [ T . F
i [ - i + H + i [ - '+ ik i [ [ + + ik [ "
M + + fl + + + + + + b s o + + + [ b + + + + :
+ + i 1 [ + + + + + (= '+ '+ + + i i [ + + + - P
4 + + v + + + + + 1 & + + + + + - & + + + 1 ] o
+ + 4 r ] +* + 1 + - + + + + + " ] + + + + + .
. L 4 + v ¢ + + + + 1 e + ;) + gl ) v o + + 4 ] ™ M
E Fe ' - A 4 rr e A + e rr 3 et 4 A -, r 43 E ' W r -
' ) rl " - ) - - L - " &) ] T, - - - -
.’ * ‘ ‘ M + + + - [ ] ) + + - " - - 3 + . ) ] + ’ ’ *
.
! N p
K ro
- - ) - - - " ) - - " ) e oo
L] 3 a g o, o] n, + o n o I - r ar i
4 [l o C e n i n *, - i K - e L h i n T AL
i - (! ! '+ + [ i (1 + + [ i . '+ s + ™ [ - x =
N + + & (! '+ + + + + (= '+ + + + & o '+ + + + W
+ + (! * + + + + + h '+ * + + 1 (! * + + + L
M + + 1 * + + + + + - '+ + + + 1 e '+ + + e
: + 4 ] ¢ + + + + - ¢ + + + ] [} &) + + + + gl - ro-
. + + ' ' + + + + = ' + E + + + ] ' + + + + + .
T £ A A - ] '._. +* ) (] ] ._.... 4 Y . - (] e g e L A
T o 3 + = 5 - A + - A & - ) - 3 P - - ) - .
O + 3 - ] 1 . + - + ] - - 1 - + - - T 1 1 -
- * * + + ] " + * + + - - + * + + ] ] + .T. "
i . - ~
" " N -
ar r
- n - [ - - - g ] - i w T .
%.1.. ‘ .' .’ i ¥ - o ¥ 2 i o F ¥ '+ 3 i i (1 g - 3 o+ A i A o H !
- - . F. " .
..J.. } .-.T. . . . 3 J HI..
..J. X * + + - " 1 " e - - - - 1 r - - - " " + - - - - = . ..* *
+ * 1 L - + + + * + L + - + + * + * + +
+ + + + = - * + + + L - - + + + + = [} * + + -
+ r r * + + + + + ] - ) + ' & 3 e e L . + .,
A 3 a =5 £ i £y LY 4 A A i - o - = 4 - 1 o)
- + 3 - 1 't - ] - - - b o1 + - - ] 1 +
+ +
+, +
+
.

US 10,916,478 B2

.
=
b

i)

Sheet 2 of 21

O O R O O O S OO

RS S %‘.?\ R P R R
L

77777

e
S S S S S NN S S NN NN,

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

. ! +I
- |
! ~1
. Ot
- - R
ERE " + +
. L]
.
i
r R ++
[]
0 ‘. I..
[ "
i
. R
- .
- .
. [
[
Y
r 2
LY
.

b
+
-

¥+
-
Ly

bt

b = ]
[/ r r
-+

L?
]
*
+*

+
-
|}

Feb. 9, 2021
ﬂ'ﬂ:“ﬂ“‘“"g
<
o
&

) J < < ;]
R S G L R R TS SN
N A N N NN STt PRECT I AR &

S 7777
@g ¥ \u\\

DR Y L B o T Lt LT \\hf mw N
R S S O s
%@V@\@V ;@\67@ f@\ @@M@M@@ 4@@@ @V@%@g @\ @\67@ g@% @&@@%.@é* V@V@OVM
S SN F@W@u@?@n@%@&@.@ﬁ@? D L S N S N e
e e 20!

+
L
-
[}
[}
- &

A +..+.'. *ﬁ” M _....
_ 9&.@%

e
+
-
I,

-
-
+
+
+
'+
bt .

n
[

S

H;‘i’. pal

U.S. Patent



Sheet 3 of 21

Feb. 9, 2021

U.S. Patent

iiiiiiiiiiiii

A * .u_..w @
A_+ .M..ﬂ_m.._. w*

R

L””nm L] /@ o . \.” o

2 Y PRSIy
._n:.n;. n‘.\\ a5
T § +
. . i, A

L d g L, - g L
B
S e T L o
& .

.Y ,\\\ R
BN
o ._.._.._. m.’n -
r +t..ﬂ.‘ﬁ. ) R Ay o p:
....r_. +++._. ...“ ﬂ...r& ’ " +++
’ S/ SN Y
; f ;Am a > .r_...
1o 4
V0N TN
+ il
‘P oy
VN

. )

SES BLY
-l_mn_v-ﬂ*.v J ‘.ﬂ o - 1 *-_ _“ m_ w _ -
.—.J..T ‘. 1\ T - III *

._..H. ¥ # [~
& Al ...‘ hw..,_, . . A *
3 &\U\\\ :
o B

@. o

US 10,916,478 B2

ﬂ +
£ 5 - N
F] .‘ +
. .n_a__ﬂ .

. 1y ....*._.. . b+ o + 1 =R sl v e
._.__... ...++ --1 ."l ‘II..‘ “‘ _.--

- r L ] 1.#. -. T

t ﬂ.a ut - H 4

iy ; i : A .... X - A Tl
1 ....._._ .._ * .—_..1 uH .

o F & .
e h. -f\\\\\v\*
e A

_“ > + o .l...

*:
17 p
._... ¥ r A
L - " ‘4 iy A n -
l & ‘l ol
A A ]
- b A 3
I 0 - i
"+ H.h # A e

i
gl ©

L iy - da e
L + *

+ ' + .‘
Y .\»\s\\v
.-!_ . ....1... +++ \.... ha
‘ * - e
[ L] o + ..I.'. H.n
3
AN

. 4 ..__._‘,.. v _._” 4 "

+ E I... -,
%@rﬂ % #ﬁ L) @
_..%:Z*.___t# ] 13

. .‘n - a4y A

i .: ..ﬁ.-. A
ﬂ.'

-
-
+
-
* *
+*
-
+

o

‘1

" o

“a r*}.

. »?h

M w..i\ ¥
] + o i

L

.—..—. F L

++++ i i T
\n..
4P

..’....,, :
e

a oy o w kow o w oy r | WoW W momom o modom ok omomomoy f.

.@f@

*..‘t
: 4

e P
[+
&

¥4

¢ %

L ¥ n,,n ; . nn.,, ¥
. .1".. . 4*.‘“ A ‘.—. & .¢.
EE REES

it

llllllllllllllllllllllllll

XK

e R

ra om P p W op @ howow o w owow moEoy howow aoay ___ﬂ lllllllllllllllllllllllll

f_._ -
7 o R

++++++++++

8
el

QaTate

lllllllllll

!!!!!!!!!!!

¥, 2

* +++ +; j
s - el rarkl - 3 &
@W H‘ “‘ al.ﬂ. .“.ﬂ .ﬂ
o
i .,-.,., oLy

3
..._.... +++ | * m

\
| ] -l
A . ‘ = 1 ”\
- +
A  « [ ‘.. n
A I e A

- FLl .
4+ 4+ F + 4+ + + + +5% 4+ 5% 1 1 F 454 45 r_ ﬂ ++++++++++++++++++++++++

T
é}.q*
AR ,

\ “.,ﬂ w.r
/|

i ' o
oy ¥ i ’l
x5 n

. Pikd ._I_,,

I L F- +++ +++++
s 2l W rd
Ll T
- F ﬂlﬂ. {.’* d . o A ui
v L ’ . * M .
L 1_+\i.ly_?.htf.i§ " - kf

*
7] ¥
« 91 Sovlgngiinmin o ¥, Fasnd - AN
X . * i i, .“ = . vl I .
* - A A A ? A . A o . [ ] .m.n
# a ﬂ._ - v + . - + " . ‘:E
*- * . * ...ﬂﬂ
I L
C Bkl | * ]
.m..h .I‘ ++++ .1....1 r ) _li.. - t +++ _._.1 - - .-_.._.l. + T....._ +++ h A
: - + - " - -
.ﬁ ..H. L 4 el A bl T g el e H L 4 ﬂ H i l ) .ﬂ_ »* A ™ ; F ] [+ ] o +
E ‘_ * + 3 S M ‘ » - M + b *m + 3 + 3 F N 3 4 . 2 T + o T 4
? - + +
] L - + . ﬂ ¥ E - + + + - & o T * + - +
m&_ * A A r - A A Ll q A A w A v - ﬁ_ A
.‘“ L] F A A A4 3 ' A A " b ﬁul ’ v A Ah ¥ q k A A . L | "
* % v * K - * G - ] % - * - * ¥ ~ i »* L - E
s . e o L8 o vl . o : € ¥ =, y "
b . 3 i A 3 "y q ._4..
. 4 E o
N * % I “ 4 ¥ i u_ﬂ »
.ﬁ s L1 ] " - N
L F ¢
4 ¥ %
- »
DL -
S *
o +ﬁ
L ;
- =
. L]

.-ﬂ
AR TN
o 920% :

@

& " U?u.ﬂ.! ; ............
- r. 4 “ u..l“ ‘.
++++ h"f r .qﬂ
HE T
£ .ﬂ - ﬂn. |
&, na?
- :..,r " ” \ R * -
......l b .ﬂ.. ]
+ - d
3,
A ] .ﬁ

& )
8

-

...- ﬁ#_ Bu

'E " )

X s \
®

9 ™

"L 8

+ b ’
r 5
o " -
- ’ L4 5
-
&
CR
’
.1.-.-.1.-
a2 A

N
Sl

%
255

e e *n.’ \

“__._.n._ :
[ ]

” *i” F
- + .ﬂ‘ he
. R % fE X
‘PRI 5 2 it
- E + .....r.—.-
A A \ 4 E
....'.m. t-. *" [
- ’ [
A g Tm
- 2 oA

&

4

41

i

e t . [ .
-
s,

ap p @ p T e e e fow ] oy omoq o moay o oad lﬁ_

"

5

ﬂ.... L] . L] J
. y
i

Pl T ,

3

y

:

s

@f

o

¢

{

iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii

. 0@”07
,. Bis \@/
. . *. £ ,,h .“un...__u ”u”@y

, ,,.j_ % “n,

. - +
+_..+__.._._..__.__._......_.l.‘ I+++++_.....__-._.hn._.+......+.._++++._. F +++++++++++++++++++++++

M . ™
8 s s
t; = . ™ 3 A e
ey o Sa 23
- * -
....__.__...:. -~ ....-. .-.... . “.n .lm .._. ++ ++
ol il A E 3 A ol
' s e s e A
A A A L - -
*1 +++ +++ Lo Ll -
-
£ ~ ¥ % had

s
408,
" :na_.._._

+ " _..F-
’.;@
L

&

el

g m_.?ﬁ
i " .
Fh o |
+¢.ﬂ.i.”
= .-

n -

A. Y.

fﬂﬁ ﬂ-_ .
| " AN
A@ .ﬂ_m.”
A._,? Sod

e
SRR

40

]
N
LI

T 4

S

R
o

-

S

SR RPRREREE e STt N

&

5

7

&

o
S
&

<

S

*

s

5
o
b

0

-

\

&

3

0

2

&

S

7

o

o

L

&

2

&

A
S

&

\

&

&

&

9%
e

£

%

0

XJ\;@

&

(2

o

%

e
S

<«

D54
20

&

&
<

0

&

s

<

9
5

<0

&

3
s

2



U.S. Patent Feb. 9, 2021 Sheet 4 of 21 US 10,916,478 B2

4 4 + b+ w b+ o+ A+ LA FE e FhForFd LA L E ke FhF e ok d LA e D F o rwdd ke D Fwr e F e Rt s A Fe R

Ny 5, A oA [ n [ y
[ B ] r o
b L ¥ e L n i

+ H

= 41 + T + ¥

o, .

4§ .

o LY

P e Ty
P

= 1 h ¥ w * b + r F ru r b1k + b+t

P

.
L i il e I i T I il R T W i i T

1

a5 "+ s+ r+ +hrh+hFh et rFrhrsrsFerd+FyyrFryrn YA+ FF rwd by FAd A Fr+ FhrhFd +Fe Ay ko F g rF rhrh kY +dFFhrr 11 FA ey +h et rrFsretFrrd A rtrn ey Frrd 1 Fr+E e rFAF kA e Fd e FF A
T "‘“-ﬁ&
1 L ]

7 dgd T AT o
:". l:::'l

+|'|.l.'+‘-l.-l.-l.

iyl
g L0

+ 'ql-l‘.

.
+ 4+l F T ATk kN

L m & a2 g o m oL

]
" -
rx pd Hygt g b &
b - rgu =

-

,..‘ L

n dr §m

Pk

-I.I++J.-I.'+'-I.

+,
L]
4

i om o4 § 4 WA R b R P 4 B AW

o

]

+ Ty !.?:_-I

W

i
s
LTS

W
&
cu
]

]
ﬂl
2ty a g o om

.

a § 2 A B 4 A & B

4+ m o4

rr g Hegt g
e L L
e P oW

4 = O F o4 & L F 4 E L

[
L] +

3 ot p ey
e b “‘"“‘-':,
-y at i e

Lo




U.S. Patent Feb. 9, 2021 Sheet 5 of 21 US 10,916,478 B2

LT Nl Th e A N

! LR L r L F T Tk Py Rt
AN AN LS
PRIERIETA

P P S T T

SENW W N

h“ﬁ‘ﬂm*ﬂhmm‘iﬂ“’ﬁfﬂ*ﬁlﬁu‘lﬁﬁ“‘ﬁ‘%‘ﬁi‘

100

e T Ve K L P

L LT Tl PRl LY.,

3 M"w . g ‘_.++
P f M A U TR

i Le Ve Ty NEF s

ke T A T
SV RV R Y VDV,

m£

=)

g

'

el e T R -
RPN PR N

:
S
¢
:
:

..
, 3
. |
+ .
Fa Ty W N W ¥, N o] 4
1 . +*

LT

mmmmmmmw \

-G, 4A

mmﬁ.ﬂmmmmmﬂmmﬁmuﬁmﬁmﬁﬁhﬁmﬂaﬂm :

\\\ \'

[
+
g T
i
. +
J L
i 1
r

RS AL T e T T Py Tl ]
RV IR NI
RV RV T
LR PR T T e Py WY .

RO TR T T

_ m#mﬁ;ﬂmm-‘ .
FEAAANN N A

"":“\.i

:?-‘#

<y :
.30 E LD mf\i
P s P



US 10,916,478 B2

Sheet 6 of 21

Feb. 9, 2021

U.S. Patent

%%

S
v

.
o

NRA

*
-
" ]

G
o
oS

o

'l

"
n

n
L
'
" oa
i
-
=
. n
)

s
R

&

u .
++++++++++++++++++++++

44

L &

&

a3 a mm "

nfE Lo _-l L -........-
R 17 a i

n n ad o™

= = w3

ol e g,
" . - i . -

n n o,
IIII "B ll: _-l II_- " :...I
n CT
m " un l:l l.__ ll:l mE l..lill

n r n L IR B | w3

o B R 8. x|
A _Hh Wﬁﬁ

e S
s SN

s
@

S

o

"4
&
g
"4
&
g
"4
+
+
+
+
+
!

.

\

A

E] ‘.l -. ':l

SR

b . LI |
++++++++++++++++++++++

mdy ;" " g - Lte "mNm a"
l. F] im - l. _— ] L]
E e LI ’ .
ko u m
L. T

]

e

-

rord

-------
+++++++++++++++++++++

] .!l.l. -

vy
S

<

o

GRS
o
<

<

"3 &
g g
"4 "4
"3 &
g g
- Iy
LG B B B BN N NN BN B BN

&
Lo

x

{0

)

L &

25

<

S8

o

<

LRSS

-

LN

n n n g n
r . a Ill-. " ll: _-l I_-llll ......l
o £ H
lll ll:l .l a . m - lll ll:l a K lLl1I .

LT T | ] a = r n L TR I ] w3

el e g,
" . - i . -

e
AO@.OJ

S
P
—

&

S



US 10,916,478 B2

Sheet 7 of 21

Feb. 9, 2021

U.S. Patent

V4 Ol

. 7 _ S 7
S OO
b b

o -

S

v =

TR R I R R R R R N R O R + Ok kd ok ke
] E E
] T + m r 4 F_ r *+ A [ L . | r 1 1 r T™n ] 4 ¥ o N
y_ = ] oW - 2 _F - L N L ] L | -
._-_H-_H Ll L :....._.-n ll....u..!.-.l AW, my " L.n:n .--_uu l.-. __.l:u.nun::
n L : * - Ll HH
u_...n-l .__....r_- 'x 'a .._...__.u....”_...nhl. -_u ....- Te YU h_...”....- -.l. ___.__
L * L am 'l [ H ] at 1 T 'L [
... Ry . Apt EEE » 1k " Apd L] ~ Pt
F by m E 1 4 .-.I_..-.-_ nn-. “ig ayz x To EI | _-I.-Hl nn.- g
- [ ] [ ] x L. L] E ad
rr __‘...n___ T.:h_u._ P T _____..._.: L ) .._,....‘ 1 -.-,._”.__ —_....-qh._. fa ta kY, r ® i hl.‘ 3
HE- H HE
A ._..___. u-._.._p Fl e R e T, __..'_. _.-'._._.._ " an
PRS- L u du dy 4§ m 185 a LI e dy 4
L] nF o d ey "ap re n mEL 4. Woag re
:-_... L I u.__.-..-.p_ .__...l...m_ u__.. r-..... L -___.._._-.-t.__...._....n _.u_.._.." A
.-1“1-..__-. l.ﬂ!--::“ul‘_uru-l.-.:-..-_ l.-l...-_!___n._“u-_lnl
4 . -_.._-..-____-..__ . wk omg .._.u. -..__-_:.-.rh.._ s . wl ag ¥
L Tag o, "W, l._. 4 . LA By g, "W R L . [ B -
* u___.r P I L B _.:._.- £ ¢ u___._ L L #:..-.._...
™" oa IH..-. “....-1.-...._.l| ._._-n.-.l: - -..-.-1._.. “li.-.:.-.._-.- rI...ul . a
[ I - L ] |
2k LI ) A W LI CI K | e A F
-___l.._:_-......-:._ |r-..- .ﬂb u-t_-...._-..-n:._ |”-1.-l _u.. am 1 -_:.._d“u\y .._:.-H-
] .._-__.. ET bRy ...1:. * -..-.:...h.-u_ rIl.._. | S an L -_.r::.nu_ . :._n...:r._" L I -.n £ oy
ie, u_.- i ag _-....._. 2 w"mox acg, u.- iag _-q.__... . W T oa ] £a . ..:..:.“.-_ T e
ol o - ¥ ___...r...-_...h._...-r:....: a aF .__....r...-.T“_._.lr....‘.l
" M tfaFr®mpon g .--.._.un e L L B LT |
L : n .
. . ] : - L “ . "
R R R e I R R
e L] - _..._lri-_n....._n.,.. L ] . ..i-....l .-..__._.....__._." L
T * o m M T e R S
A A L A R B o PR L AR L T R
DA g e ll_-_- 4 . u LI I P _-.-.II d - & L
* n k| ]
’ ful 4 J.r.._ - H-. l1 ...s.h. r Fn ;.._1 " __}.- L) ‘_-. l.f.....-..s. * i+ J.-‘_
4 g n C a du dy 4 ¢ g L a H A oAy &g
- L I T [ L] L o my Womp ar o
e L I ulhl-.u_ ....-_._....“_ -_u-... ul L I l:._,.:.-u_:-_.__ i -.u-..".:.... L]
At U oy -_:.._._...Iu..-_u1l-.::.n-. L -.....::..-11-.:11.-. -
a Py [ ] -  a . [ 3 £ w Fa - T E ® 1
a l:_--_ -.:-._-..-.- lurl :_n___ ..._...-.-. .-_:q..-._-u_-u_ n.fl :._..l
] -
L ___.-._...__.__..... wow Rt Tl .__J__n oo, -..._-._.“. L TR B -_-r.
l:ul " T.-.l _-.nfl...-.rlli in.-.___:ll n .‘l: .-hl.-. .nllw: lnul
u-."-__m L T...IL.._. l.-.lr 4n .-l__" L '.._.:.l.r...-.l!lr ntm Ty L ™ 4 b L]
n l_-.._.n::_-...-.lhul -_-l.-:lI._.I [ B . o L] rr . T 4 LI E T - . L
W H AT LT, * Tt r._.-—..:._..u_...-_;.. Lt %y b ooy R -._.-u.._:...u_......._. vt g T fat T LR L R g a k LT FE L B P e LS N LT
. "= Faw Lt _:.._...__ i, " Fap L T ugn P T, F Hap 1, 1 uqn ey A ouwom ._n =1 L N wn yn et e
a” A ] ._.___... u.-_.._..r-...n -..._‘__. * :1.- _..-_._r:. .__.-_.__‘ L] -_T..__ :-:.._1...1 wogT A £ :-_.___.__ -...._..: gt A [ :-.__..__ ...:r.:...ir:.-...u "~
&
q
£ .
iy W 4 g } m E = m = m P E = B F N L& R & N &N = E W EE EEomm R

~ (0}
BN @%W

[ i}
T .

A P

+.

+ a2
r r F T BT ET R

<D
N
N

*

4 4 & 2k g o4 BB b &

+.
L l‘. F

+

3,

oh
X
AP .

" r W 3 2 5 - 518 -W LA FrSaSELTEAETEESETEFE L8R

+
- raor®osxa

~
F o ar

+
-

PR

F Y R T F T AT E F s rFrFurF3Sr3s e EeTrs e dlbhrw s orwr ¥ AT sT R Fw
F

ko

2

[
L

Fw rarssTaTEIrIrT YIS rYTlTITE N Tl fET QTS T AT 3N rT Y FTL YT ETATENE N R E
T

+ F 4+ ot kA YAt

\m
y

A m . m & B 4 @ i B R B @ 4 @ 4 § 4 B A 8 4 4 4 A B 2 § 4 B 4 B 4 B A B 4 4 B

L
L
p -
it
<



US 10,916,478 B2

Sheet 8 of 21

Feb. 9, 2021

U.S. Patent

d9 Ol

v9 O

4 ro ey Ry S - Y

.
.i,_._. va
LS
- "
e -.-.
'

ok ok ko ko FRY

.
-l- - .r-- -
N .
ER. F ......”.,. .
P - E
N r -
v [ . -
+ ” — ¥
- ' o
p
*
i
.
+ ]
4
] JEFE L ARt b LN R e R R bR na e g m
. )
. ) . N u._..:..eH X g
¥ . e e
. L]
¥
*
4
4
]
]
A
+
- :...__”__...."h... LI
¥
. -y
: L L LI
” A wt L ¥
1
4
.
]
c Ll
h % ', £y
. n n £ n n E n
- - oot
. -_l -_l a4 L] x = L] = u s B
K] " - .-.iT.-..-. rr " - I-_....-.ﬂ L u T " e I._..l.-.ﬂ re - ! - l.-_-.nﬂ L] o " - I.r:lh i
..._.-__..Fi.r.__-. kT M, vy ..__._..l-..‘-.. lri.._...____ ™ oW, Y Tu '] u:_......._.:.._-..,_l P I S u 4 u.lﬂ..l-.i-..._.__. FRar P oy - .-.:1-._._#-_-.1.1 a" a ¥t Pl Y - -_.-1-._._#._-_._
K e u L LI S £ L L LI K gy LY E uqn K L I xh LI T | _— 1 ugn. T
Pl LN - T N 1 LI I T dAR oy B ¥ TR LTI didpy g % B H LI I T dtnoy bopoow e e 4 dy b omH no- 1Ty 2
.__....... FRL IR S I T L _-._.___l._.'n.r:....-.nn LRI R L T Toa et A Mra Foa R, At .-...r..-.1u..-r:.__-_t
1lt._ .__.l.-. n¥ oy 3 pon dn T, ql___- .__.lq L ITI L B I T 1..._. n-: LILTI I B B .__.-.l- _...-_ ..n:-._nln..... ey :.-._.u .__u: LI n L ] :.n.._u -
FE ] - ¥ L s x Fopamaa - ¥ * o3 . ; ___l-_.-....un H . ! L L
t: - o P :
]

+-'+-.:‘+

* B & bk Pk A ko ko ko Ak R ]+ B oo oW A L A |

N A P P S e
e

.

+ 4+ + F F oA Ad A A A TS

S

05

SO

+ + F+ + + 4+ + + F + %+ %+ A+ FFFFAF P A A ¥+
[

\

A

)

R RV N RV R
AT RTINS, F

LY

T

+ 4+ + F+ F kAt Ad A A A A A+ A S
WW

" LW o

"

LY RN PR Y
AN P Y IR

+ =
y

. |

¥

Iy

4 F 4 & 4 & 4 & 4 &/ & FE & Ff F+ F = F 2

"y orw o

fi+1+i+l+l++l+++‘i‘rr+.‘l‘+

N

N

AT T

B
+

+
o

-
L]

Fod

S

It d +

+
oy

L e
+
=~ F
1 m L

F,

LY
a1 &

o

- 1..1. gt ek T

"oyl o pgr I & "

-
'

LI
o4 g
Iy

+

1w
+ kK
oL om &

Y

L

-

ﬁﬁm’mﬂmﬁﬁmﬁi \

BeTRGR SR
RSN

4+ 4+ d FAdF Attt

i)
[ e

N

1
i)

B o N

+ + 4+ &+ + A A+ A FAFA A A A A FA A A A A S A

“

L
<o



U.S. Patent Feb. 9, 2021 Sheet 9 of 21 US 10,916,478 B2

r'r."l-l'-l-" Y

F1G. 7B

hor bk

SN

T oT ™

r b ¥ b T

2 .
FERY

+

£
&

I T
ok hok ok k ok ok k ko ok

e e PR

O A
LG YT Vo WU

L e LY e T T Ty BEF g Y
LA TP T T

L b Ta Pt ® e Ml g

¥

S e Oy N S T e

d 4+ d + 4 + by bk tw b bk kA Ak bRt h R R Rk

o b it S

+ d + A + h ¥ A + 01 + F + +

-+

LLRE . _
AR mmh

m + v+ 4+ b+

,"!"*"!*. iraich
7

+ + + + r +

.
U’

+ + + F + + ¥ &+ A+ d +Ad+ A+

i A .::1',. . ooud

L] L}
- 11
-
R T ul, L uT L .
r B .

* 4+ P FFEFFEFF A

r
-
i+
‘-
+
1
+
- - '
[+
b . ]
u’a + .
o
= L] 2 *. -
L] . + i
Ea, L rl #‘ ' .
%" + + [
i *e A L g - rh. ""1- SEMIL l“' & k
k . 'l: L] ll" * & + = ui: H = T . + W
Pk "'.ﬁ P A Forat e T oam s N . e
1 g4 L -+ [ [ L] +: L 4oLt L] F LI 'Y L] i 14 b
" " al opgw T Bogon e "alrge T 4"'? .
"y r '. P, & LI g = & .. 5 4 B oAy w
L " - o a e o L - r iy, ‘ ‘r ¥
. ¥ PPN A B L Ry R Bt Bty
R - £ £
s . o -

L

:
I
. 3 1
Yool

Y iﬁm‘ﬂua

Fow b

i'r'l‘l‘li'.i'rr'l‘rl‘l“l-r‘l'I+'I+i'rl+i'+

. .- . I . H ;
. i Poro Ty ] _
. . 4 1
-1 ) 3 '.I;' i _-‘_ n s k.
- - - . : ‘ . N
L ) ’ . L] I|l"i- v
I-. l'-- -. 1 : . ‘
£, 1 S - |
-SRI A R S )
" ril . I.!' 1. [
. L rll b ' "
: i :1-5 .r‘;r -.|- 3 "
. . 1 13 !
T"‘ + L | -:“ i | ' .
" L ¥ I a 1.1-

rmorow T

b r b T =

4 Fuonr

w Y,
e
a T

+ + + 4 +FF FFrF A E A+

[ ]
+ 4 L I, M- N, - = F + - PR
T,

; p ?f : H‘. ‘t y ‘E
NN

F o+ F A+

o

i

+* b ¥

CI RN B A

I

.#‘-ulr-

L N o N N
i1+ + %

T A b+




U.S. Patent

Lo
Lt

-n.fQ}

»

.
.
ok

N

W@

K
E
%

5>

- L)

oA
\:’-’ ;f\

" . "
rom -
1 * L] * \
. .~ 1'1|-’ -

M

PRI

i e S bR B Do Ry g B e,
' £ TE R

Retgheinrenionies

“%

BN e
AEAER AR

- FE | E TP
. *
BT . wom

+
>
T a2d r & 4 1 o -
* gl gar 3 2 u n bk Iy *
L F:'u:'.h‘ rih"?‘u."!‘:""'.: - = 4 =
! L N I T . T
|, :H Jr.."'-:l--l ':':“"1' :’.::F ' "1.
u‘. Uk l:-":. .1-':-::‘_::: -u'-: . .
s - - -.-.- . . , » .
:gggﬂﬁ!ﬁﬁzzi:i#. N

BREABLRET WY

++++++++++++++++++++++++

A\

AR
AN AR AN AL
G &l‘t. S e s o

K . \
- Hﬁﬁﬂﬂﬂﬁﬁﬂﬁﬂﬂﬁﬁggikhf%v

o N N I N s N oM S
- ..’,ﬂ < X ,-,_‘.f & hy /r‘ r
NEANENCNAN

e i i e e

----------------------

b,
u
. ]
Iy
b,
-
i
1]
b
L ] "
4
;3 FITELY: \
I
¥ 1333
Y F - .
- - - -
-r-""-r--r.'-r--r'-+r-'--""-|-.'--'-+ T
*
F
. gl LI e

NN N 82 ,
. B o, e
SN o R N NN S N s e
AN
B T P e N A e R i O e B u

Ly

#
E
sy
x
.* [ ]
+} .
¥
F
*

R, i."_"_'_ ..1_"'..'..# A

AL Uy

"
ua
" Tap -"_t: =
|
. a R u -u"_a- by
n EF mowepqr W Tu
LI R I R e ] ‘."
e rﬂ_‘,t-.'_i.:lq.*.'lq‘:
F ‘u=: l.l=-. e Wi
ay Fpad R o EE. ."'
? E a R -+ "
4 i rar " n ']
L
4 L L

Feb. 9, 2021

~
I

Ve,
I A
DA

I
'.F'
L
E

AP
NN

4
Y
-

: W s .
B N TR
2 ‘ i

1
1‘- L3 - o
t‘“;#“”’i"u"‘
A

L 4

T e Ty FL LNy N W o
iy e

N e A A e e A e 4 = n i e , 2=y 2os
+ + + - .
k +
1 . )

LT T P R W P Y

WNIEV LYW

N\
¢g'§ES§ PRl
a8 L NN,
;%a EPEEY
FI2NENITIINTY

i"-l- + * . * + +
. 1 . . . -
A =gE ] L] n & =
- TR S T N
E :“I.:.: v’ Yt

+++++++++++++++++++++++++++

-y e ; K
NN
Y,

N4 +oa

h .
'\-«i‘:ﬂ'

2

2
s e s
- ]
at o
&
.
. \,-‘ )
. - »
4 r
h
o
- 3
. ¥ .
F.
L)

X

Sheet 10 of 21

G
L

:m{i}‘d?¢{;ﬂgih;f {i?*%;';fhg e
ST
N N NN NG

S
AN A AN AN A 058
S S
S AN ANANIANAANANN ﬁ

@;{;}‘g.—"\x‘hs’hﬁ’ ‘?&,,*;,»\f*} ] #6 Q\ N
N NN S NN

L]
+
ol

3’éf¢féfé”4f¢fxf¢ﬁ€>ﬁ§§§ N
S N

AN SRR
r%;%g&;\;bf\;%;wﬁmy
SN
AL

f%ﬁ?ﬁﬁﬁ§ﬁﬂ
RENYEN o,
; "‘+!'":I/‘f;l","f;:!;hfff .,/:/-,,‘{:/_,
-éﬁﬁ%ﬁ%ﬁ&gﬁiﬁa;
SRR
NS
xﬁ;,a\“:f \;,f b
NN
R
S
AN
R R R R

US 10,916,478 B2

F1G. 8B

i- LI
F]

o /‘;’ —;f\if;"ﬂ

L

=
L
rrrrrrr
[ ] L

-

AR R
e f.Eﬁgh;éhﬁgh;ghﬁ}ﬂﬁgsgifi

L)

Ll
4

NSNS

*
L

%nggA325z$A$<f

+ .,
i -
r

iiiii

R NN
PN

=
=

L)
» [

[ 9

S :;,f\#’

AN AN SN NN,
A AN,

R R R R o ke
:xl;jmyﬂhéywq‘;?qhq:’} En N

- a
" L
-
L
.

NN
C A Al
NN T

RIS
NN NN EANEN

L]
L]

L] -

R s T oy e
N AN AN AL AN AN AN AN AN,
éi%;>ﬁ%§%§%$;hfﬁ§§%$~
AN /AN AN A AN AN,

bt
,

e I RN TN
AR

"Tfégéx- \
AN
572 NN



U.S. Patent Feb. 9, 2021 Sheet 11 of 21 US 10,916,478 B2

e Ve Pl
L e M W 'll.uﬂh’w

L T P Fy WY LY T
W!ﬂfw

Lt T Ta Fp b Py )

N\ FEETNRN
h """"" \ ' "’*mmttﬂmtnk'
IAGAYA IR

%ﬁ%@

LY

t'::“‘f';:}‘*‘ 'f."l-.‘ . .“
N """-, H"\

mmmmmximummmm\mﬁmmm\m\mmm‘mmmm\mnmm;

T PR N T Wy ¥

YOTNOTNY

pre By Fe M Rl ly b

Aronsradnronrea

I
"4
&
¥ +
-u I u A
a A
L
Jll':.. C ] ++
- n ot
h | L
ull | ] "...
" 14
o
.
o
ﬁ. .

A\_\\\: \ \\\

ﬁ‘%“ﬁ-‘ﬂ*‘ﬁ’ﬂﬂhﬁ‘m‘“ﬂ“‘ﬂﬁ“ﬁ%‘m‘ﬂﬁﬁﬁhﬂ'h’!h-“‘#“ﬁ ﬁ.‘,“ﬁ“‘lﬂ* LS

fW&Mf

RN W P T T A
NIV -
+ +

=Y
]

-4 RPN TN
FatlF e L TR P Fr WL Far 5
YOI




U.S. Patent

30

Feb. 9, 2021

= o
- r b

+
* ]
. !
+ T
Iy
" b,
= L] u 4 - FII ] ] u & - 4 m
LI VI I | L Tea w3 T guF g3 onnF Tea W
[ u' m ] Fi n [ u' m ] Fi = X
b LI at wd 7l aag, " LI at wd o7 aag,
= n = n e
"k . .n." fa r " L F "% oa .n." fa » % LI 3
LI L - L L DL IR L Rt AN R | a g
* u "Sggm " - L B "Ngga " - moun
a a ¥ LI T R g m "EE T mw, n oaph
mm ®ogu N ER] a " L E mou ® g N ER ] a " L E
1 3 [ ] -I.. n ] e 3 ] -I..:: n ] 3 4
a unm [l . n."‘: |.-=l. Fi a '.::1-" u . n."‘: |.-=l. a n
a a
am 3 a .': m 4 gpgda mE  Egm 13 ] .: m o4 gda mE g
n . H] " .
u I . n" a " g7 gy TN " P a o a " T, Iy
= pg o n n ny = . B Iy & Iy & Iy
n nfn v - am . . e .
" g s " a™ " am [+ + k. k. -
" r n n F F & F
LI - T R £ £ & & £
M E k. E
u guugh ® + + + +
n I+

O T TR
R
L A A L @0‘0
M L R R
T I T L T

Sheet 12 of 21

RPN
A AN

NN
N
SN

NN NSNS
SN

MWy

¥

D& K‘Q}f";" «
S

+
+
+

+++++++++++++++++++++++++++++++++++++++++++

n

n
L]
nr

| 4

+++++++++++++++++++++++++++++++++++++++++++
"

"
"4

&
+
+

-G, 9B

US 10,916,478 B2



U.S. Patent

Feb. 9, 2021

N
DAY

. ‘&'ﬁiﬁﬁ.ﬁ?ﬁﬁi‘&\x AN
TN TN TN TN AN TN
N f/\; A, ;"‘%;/\.‘4‘;; RN 7

F N SN AN SN AN AN,

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

-------------------------------------------

: A
E g t%g . g hgg ! ‘. . “.i*‘. + ‘
: BN ERERS

Q b

* RRRRRR AR VRN

N A A SN
R R IR AL AL R
AN

) o
* & v » -
Lo '.Hl.l 1|_.||-" )

S R R AR

N

;mwmmmﬂnm@;&. .

" -
"
o o o
o )
+* '1. +-. r
o L
-~ L
o
)
4
-
4 b
o
F
y
=4 w u
i
2 k.
- o
o L d ¥
1 T b 2
£ + I - + +
Nii$ LT
. by . b
L + L - +.| ]
'y : -
N .
L5 L8 -
! g r :
i H ¥ Fl
- b A b
i l“'l. 1]
| E ~ . - = Iy
[ - - .
a1
] b 3 " el
b I o
.

[ P Y

p R FR R

3@‘:&&%&*&%&&5&\., S

T

F1G. 10A

Sheet 13 of 21

400

-i:l;rk‘h ::;','l l..“r r"":-:}‘\.".‘““‘rﬁplil ‘.i*‘ *r-!"‘:'“r r_'!'l'ih." . by \
A AN AN A ARG,
AENANANAAS
SOUNCANGN
SRR R

-
r

L]
.‘i

............. Bt §?}*’?§ N s

= @%;_ \
PN

LN

Ee S T ke e T el e

: L,IAKJA+ AN

3N

US 10,916,478 B2

F1G. 108



U.S. Patent Feb. 9, 2021 Sheet 14 of 21 US 10,916,478 B2
§’ S

agqﬁﬂﬁﬂﬂEEEMHﬁﬂﬂ;?ﬁhfg_:

I . -T .
- + L L
I‘}ﬁ b

; .

A
2Ry

I +

!

h]
[ ] .' -
[ ]
"x.,ﬁ_,. .
- r

> ___/, NI , 2
ARG
Q f"w;j‘w‘;?\;;,?‘w}ﬁ; 1'\*-;;3‘-;‘ —:,m-* B,

k- I
- P R SRR NNN
. ’ ’l.-.} 3, r

+
]
+
‘.+ * h + '
", F i, *
* b, b, § ¥ *
1 . a +
[ ay & ‘.1- .*1- ."1- * 4
. et + + + !
P - - - - ¥
an bt * + + + +
el .
' ] ¥ *
! ] . *.. e P - = -
. -
{ e ..tq. + N &N +1_ .
' I h T ":“ I, L &
L 3 + N & & + 1 + k.
- iy g Y a [ w W & -
+ 4 & + + &
n] . - L . b L - F -
) E) 4 ¥
1 ) [ F ® r 4 0k o L] i IO . by
L. -, at .‘.:"'l. ¥ ""i' r T -
-

- - +.'|l 5 o - = o - = E b o el
+
‘.- ‘l"‘ "l". ‘!- “I. 1'1"‘ ‘1- “I.
L] L] - L] L] F L] L] -
el . . o Tl T |
B - o
RN
Lo g

7

-

e,
g
e b

AN

?"Jfﬂ/ -”,,-";_,.;"*_."', 1-.,:/»'.. . / g
- \\\f\}}"ﬁf@ s R
P SN AN AN AN N AN AN AN

"
o - by - 1]
‘1" ‘l ‘-‘L 11"'
" ‘\:i - [
&

e
I.*.' '|J*
L] [ ] L]
"-'i "‘l. 1'&
l. 'I.' L]
LR
‘l ."I
"v N, L E
T -
e f ¥
Ilf’ F 1'J
"‘\. "I "i
"ﬁ. ‘1‘ “I.
t

.
F g
Pl
.
-

Fy

- N
DNENEANRANN NN

AN AN AN NN,
A AN AN A AN,
'ﬁ}rg%?ﬁbfi;?géFﬁbf NN

r
o

',?..

‘hf,“&,
S
&

-
LK

X
&

) '.
-
1
e
'_'|ll
L

{s -¢.
HIHHIHEEN
-Egi‘éig NN
: '5525 TN

ERA OIS AN
AR W

FlG. 1A
-G, 118

"
a + + +
b, o I
-
+ + i,
1‘-. ] l"'l.
+ + +
+ + F
u o y
L] L L]
4 + +
+ + +
y o o
+
* F &
- ] ]
) »
+ + + ) 1 L 2 +
- | | wy
\k\
N + +
£t +
o -
* ‘-l- F
. +
o o o

RN

Ny

NN R o
L mﬁmm;/ s AN < o =

+
+*

ih;\\h

4 ey, 4 "'I:'*'l. L ) b Ay
AR A TRRRERT LN W

Q




U.S. Patent Feb. 9, 2021 Sheet 15 of 21 US 10,916,478 B2

+++++++++

.
.--" -

+++++++++++++

L2 .00

mmm\\mm e
S, il

b“ £ .::'.:..- .:: £

+++++++++++++

+ +

a-

1

M\‘AKMWK% :

-G, 12

; /: .; v
%\&%K\*&%\&%K\\

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

=R \mm‘m\mm\ﬁm\\kam\\x\mx =

a -~ a
- £l
=
L] a4

. .0 _'.'._I.' " r 1- ", ...-.‘ -
1

”-

W-M-w-



U.S. Patent Feb. 9, 2021 Sheet 16 of 21 US 10,916,478 B2

rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

L)

T AN
RN

*"T“" h.ﬂ:lll#i-'-“ l:h" Hr‘#: "' ’#'#t.-i*f ﬁi#l'-':" ‘:'&' E"’f: ""' ll:i“&‘i‘f
A A SR A G A L A

D

™

BTN TR AR G R R R RIS W

R

L

- > , F - ' sg W
- - 3 e y ﬂ o *'#"'h 3 ﬂtta'“ ".’Fqﬁ-r + L ‘:l L g N

s

PN YV
RV YA

LAty B P Fu
b P B e WPy Fo by P K

el b L R S N
P PR i P

E.:‘.'"' . * - *

-I-+ k ﬂ‘ : R + 4 il--l- K “1‘ y 3 t+ [l + + “-I-

| ummmwmﬂ;\ +

u L
.-‘-

+

% L TEr
i Ry Sy

At et e T B Py TES
Rl it B T Ky b *

.2

I{HHHH‘ Iy

PP MTH

T e T Ve P P

I N A N

F' | .J-.I-.I":
& > ":'«W‘J..I& * N * e ;E _:; L o g . Fi"u_:_**
v * ¥ - e iy

e S T e R e e R e A

+ % T A+ A+ A+ttt h A +od A Fd o+ Fh A+ R At rt o+ Rt wF F At A+ kot A+ F+d A b+ -+ k+ +h +h A+ +dE

DAL

i 2 L » " L - ] ‘*‘ [P *
hy + " # -* 5 F L Y i ‘o L] ¥

" 1 "
+ L} )

e eteonripnabaindl &,

++i+i+i+'I'+i'++f+1+i+l+l++-|++i+'l+l+++-|'++i+i+i

ﬂ‘i- ]

e Al

] h-’ﬂ p l" ‘__ 't#"u'? N !-" ii".q- L.

==|..--h-.|.*.l|'|-.|r-||.==
o
v "5 poa T

o

---------



U.S. Patent Feb. 9, 2021 Sheet 17 of 21 US 10,916,478 B2

L [T [ E.-
Pk u g gl E g E gl T

+ + + + + + ¥ F + F F F F FFFFFFFFEFFFFEFFFEFFEFEFEFEFEFEFEFEFEFEFEFFEFFEFEFFEFEEFEF
* "I' '1- '1' "I' '+ '1'

T

prcngingtdingniancingng

L E LT T P ¥y

L L Tt T Py VP

P T P T S g S
LF g LTy B P Fo bty N

RN
\\\

N E - L
1-1-1-1-1-1-1-1-1-1-1-1-1-1-1-++++++++++++t+++1-1-1-1-1-1-'1-1-1-1-1-11

N e T et e LY

+ + *+ + + F + + + F F A+ FFFFHF

LA L Pt T Py VP

-G, 15

y ! A

I AW AW O

NS SRNETRN

\.T--.

L FS < -

‘{“‘_ T E_+ + 3+



U.S. Patent Feb. 9, 2021 Sheet 18 of 21 US 10,916,478 B2

R
wg@’ @1; N

2
+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

AR AN DRGNS

S OGO GGG,
N NN RN

+*

L .
. .
[
‘J
+ ¥

+ +

AR
SOSINCONANG

M
M
} *

X

L
-
e

"3

+

L N B I B LN B N B BN N B N BN B B BN NN AN

++++++++++++++++++++++

] ++
h L] ] . a +
L | . tF m oapg E [ ] -
L] | ]
W, noa m ¥
L ]
71 a B L m = L]
LR n L L] Iy
" m ul [ b a4 mi
- . r ' . a1 t i
c M 4 pdoa .I.I.I::'- Iy
n
ln =~ a .I:. m T Ly - -
n n »
- a E I c
T om 2 m ] L] F
n L] [ - k.
+ +

+++++++++++++++++++++

R TR RN,

+++++++++++++++++++++++

"4 " a
4 & &
" "
"4 -
++ ++
++ + b g e 4 -
+ + + +
+ &+ +
+ + +
+ + +
+ &+ +
+ + +
& & 4
" g "
" "4 "4
& & 3
" g "
ra & 4 4
[ ] n & & 4
- n n ++ ++ ++
m + + +
+ + +
+ + &+
+ + +
+ + +
+ + +* + +
L . .
: & & ,
L M b,
" "
& F, 4
, > ”, b
Ly
S 4 S A
H H k.
i
‘- g H 5 .\.‘. g H ++
++
| < L < * ++
L L b,
L . I
v L + P
L g - -y +
+ + &+
+ +
. & &
N " g
" "4
] & &
"
"
+
+

F1G. 16

S o A

£
n
]
n . 2 n +
n ] a + &
4 " !'.'I--‘I.- run " “
H LI |
u - [ 5 ] F
.= a L Ly EHE .l": oy
i "k ] L] " 4
[ ] a [ Y 4 = [ - F
o &+
k +
I. ++
L |
T .

b AN

“ S : ++. Sk

+++++++++++++++++++++++++++++++++++++++++++

AR YA O

++++++++++++++++++++++

+
+ b L] &
& ] . W
+ - » by
+ + o+
+++++ L :' * g
S L I Jan RN R L,
M 'I-. EL ::.r| [ .“ at o ¥,
n " = n L] = & L k.
L 3 en™ m . b
. LR T LRI L L T
r & ou B g7 g og 1" g W
n :'
v m iR L | .'l " 3 -

++++++++++++++++++++++

++++++++++++++++++++++

+ &
& +
+ +
+ +
& &
o o
+ +
+
. > b,
¥+ *,
+ + +
N * + +
4
- . ¥
* - " " - -
. y + + ' + &
*'1- b |.. [ ] ] ¢ g * g
a L Ly EHE s A A oy LW -y
::-.-.'--..i.-...-" g g g
g+ I H .'I ‘.I-...l L"l 3 S - - ’
u H
at 7 g r’l-.,. LI ] . +++ ++“_ +++
n
.n." ar 'll.. F "% oa + - + +
.1Il.rhlr. a .u..- + + I +
n ] E m JE + L +
L]
]

. + i nowg eon i, U, R i N N S
" u

.i' F n ¥ b m = [ ] o

n 13 ]

\&@W‘V/
NSRS
RN ‘}‘{?}‘f@x

. ;../@., X

| <
- \ﬁ"ﬁd\m
| i".'.‘.}\\\f“"}




U.S. Patent

Feb.

LL2
Tad

L
Cod
N

N
N *
N T

9, 2021 Sheet 19 of 21

\?{@}?@gm
00004

+
+

¥
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

b P P P S P
A AR
SN Fe T '\/'\/"\/"\/"\/"\/” /'\/\ ™,
e o e s s A N NN
N R R RN,

+* L

/ .

*
» " " * ++
+
+ +
4 #
# £

AN

+
+
+

+ +
= +

N N n Aetinghos '+++‘-:
b K R e I 2 IR 2 o
NN

B g T

AR

r
L)
L

+

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

NN NN NN NN N N
N RN
| AN A A AN AN LA

A

. E

++++++++++++++++++++++++

F +
. "4 -
+ &
F +
"4 "4
+ &
F +
+
4
&+ *
+ 4
+ +
+ +
* + + * *
- a "4
& + +
i i
L 3 &
+ +
L 4 L + 4 +
4 2 £ & £
L | &+ +
at . 9
n
L ] + +
L LI} + + +
LI | [ ]
amm " "M
+ &
F +
"4 -
+ &
Y "l i
+ + +* + +
. . T . Iy
l -
- - L.
4
h * L F
] . b,
3, 3, 4
L3
i
i Ca. -
1
* L
- - = - - -
a a, " -
+ &
F +
"4 -
+ &
F +
"4 -

ARERR R

. .
[ ] nod ]
m_c [ ]
b | ] n m B u
. ] ak . n
] . 8 ++
* + +
gy
Ry a ll- + )
n n »
.. 1 1 K. n uor & £
++++++++++++++++++++++ ++ ++
e Ny et TR N e Y h My Y
. +
++++++++++++++++++++++ 1 ] + )

+

e N

2]
Iy +
y* + Iy
" “d
Iy Iy

A " "

Iy Iy v
5 £
", ",
2
5 £
o+ +
. k.
5 £
4
¥ + +
+ * &+
gy L
g a "
+ Iy
Iy ;. + .,
g # k.
L . Y k ¥
+ + + + + + +
+
*
+
+

US 10,916,478 B2



U.S. Patent

Feb. 9, 2021 Sheet 20 of 21

400

2
I
N

if'
NN LG ILLG
AN NN NN NN
\\ .';/\/;/\;:’f\{;f\;y\ﬁ?\ 2 \/:}\ -

N

ka

JFE s + I + . :o”ﬂo)’\“ ++"‘ .
g Ty - :
Wmmmw XA RRK AN
EL,\ AN

+
+
+
+ +
+
+
+ -

Ny RS
NN AR
e /’\'\\::’;"x;\

RN

RO

+
++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++
-+ + + -+
+ +

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

'ir .~ /’;..' /.' /.. /.' //;...' . /’;..' /.' /.. E+++++
N NN NSNS NS
ANENANANANANANANANANA
A AN AA A AR

hmﬁmmﬂmﬁgh{” +

-
ot + 4 +
X; i

SHaa S D NN
E AN A AN A A AR A A AN
\+ NN AN NS
| NN AN
\,-;;‘-,'-;f\'-;;'a"-?\'-;;‘i,_-;f\,-;;‘-.,-:;ff\,f::f;“.,f:,/ : ++++
AN NNNNNNNG

3

++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

\ . .
B * - o i B ke e Bl ] ++
3 & e
- - - + 4 4
-
™. & b + b
+ +
+ +
+

y‘*\%+ ++++++
} ‘Q;_ ‘ig; ™
%§ﬁﬁﬁ@wg$§n"tx+f

Y

+++++++++++++++++++++++++++++++++++++++++++

++++++++++++++++++++++

3 . Th %,
++
: :
+ oy
.3
d
+ iy
N, \
++++++++++++++++++++++ k.
A
+

N
d Ny
§ § 5§§ g RN
bogogeacsdogeats
AHIBEIHEN
NN

N

N\ \ 3
AR A

K W\ CEELNNENN
RN

SRS
B

w~
d a
a "
.4 Ll
d a
a "
.4 Ll
d a
+ -+
o o
" + +
+ +
++ ++
Pk . b .
i l + + + + + + + + &
.
. L ]
£ e

amm\%}mm

US 10,916,478 B2

-1G. 18



U.S. Patent Feb. 9, 2021 Sheet 21 of 21 US 10,916,478 B2

% I S I O N
.

" v
<z sz Im '*a

1-

&
;mmﬁ\@.&%ﬁzmmm%mm}x&.:

L0

'-'._'_'_i At

__ . ? EV‘ +++++++++++++
G -

= IR "’0 R E, TR ’}% ’@% %‘ ;Z TR 65
< ;x‘\x‘\é‘\x}x‘\xmﬂx x}x;\x‘\_x\x‘m =
- PQ +++++++++++++ ) b3 bl

.**

+ +
-I
]

w

;m\\‘&mwmm‘(\m\!x mxm‘bz\m\mmx\

=

__.?& -

S A _.___-'.:..:.f £ :.:.f:_ e £
@“ﬁ %j g .)j ’Q ;*#‘y
?‘M‘MWW%WW

F1G. 19

++++++

%‘M‘%‘%‘%‘W mmm‘mmm

+++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++++

N

mm«mm&. g™

e
m%mzmwm‘wmm%m%ms



US 10,916,478 B2

1

METHODS OF PERFORMING FIN CUT
ETCH PROCESSES FOR FINFET
SEMICONDUCTOR DEVICES

BACKGROUND

The present disclosure generally relates generally to the
fabrication of integrated circuits, and more particularly to
methods of performing fin cut etch processes for the manu-
facture of FinFET semiconductor devices.

Fully-depleted devices such as fin field efliect transistors
(FinFETs) are candidates to enable scaling of next genera-
tion gate lengths to 14 nm and below. Fin field eflect
transistors (FinFETs) present a three-dimensional architec-
ture where the transistor channel 1s raised above the surface
ol a semiconductor substrate, rather than locating the chan-
nel at or just below the surface. With a raised channel, the
gate can be wrapped around the sides of the channel, which
provides improved electrostatic control of the device.

The manufacture of FinFETs typically leverages a seli-
aligned process to produce extremely thin fins, e¢.g., 20 nm
wide or less, on the surface of a substrate using selective-
etching techniques. A gate structure i1s then deposited to
contact multiple surfaces of each fin to form a multi-gate
architecture over a channel region.

The fins are typically formed 1n a regular array. As shown
in FIG. 1, plural fins 12 may be arranged in parallel, for
example, and configured to provide the desired circuit(s)
within distinct device regions. To define separate devices,
such as a 4-fin device 20 and a 2-fin device 24 on the same
substrate, for example, the length of the fins 12 may be
adjusted and the fins partitioned by selectively removing
some {ins or portions of fins. In conventional processing, a
fin cut mask (not shown) may be used to define a fin cut
region 30, such that the fin cut mask covers fin portions that
are to be retained and exposes other fin portions that are to
be removed. After defining the fin cut mask, an etch process
forms a fin cut opening 32 that removes the exposed fin
portions from within the fin cut region 30.

As seen schematically in FIG. 1, however, patterning
limitations associated with photolithography, 1n conjunction
with strict alignment tolerances that accompany forming
devices at advanced nodes, may result in 1mprecise align-
ment of the fin cut mask and/or poor fidelity between the fin
cut region 30 and the fit cut opening 32. For example, corner
rounding during fin cut patterning may damage or remove
fin portions that are mtended to be retained. In the hybnd
device of FIG. 1, portions of the fins 12 within the 4-fin

device region 20 may be undesirably removed.

SUMMARY

Notwithstanding recent developments, processes that cut
semiconductor fins with a high-degree of accuracy and
precision are desired, particularly for device manufacturing
at advanced nodes. In a self-aligned fin cut process for
tabricating integrated circuits, as disclosed herein, a sacri-
ficial gate or an epitaxially-formed source/drain region 1s
used 1n lieu of a lithographically-defined fin cut mask as an
ctch mask in conmjunction with a fin cut etch to remove
unwanted portions of the {ins.

In accordance with embodiments of the present applica-
tion, a device includes a plurality of fins disposed over a
semiconductor substrate, where the fins include source/drain
regions and channel regions extending between the source/
drain regions. The device further includes source/drain junc-
tions disposed over the source/drain regions, an interlayer
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2

dielectric disposed over the source/drain junctions, and a
functional gate stack disposed over the channel regions,

wherein at least one of the plurality of fins has a cut region
with a dielectric fill layer disposed within the cut region.

In the exemplary device, the dielectric fill layer extends
through an entire thickness of the at least one fin, and a pair
of opposing edges of the dielectric fill layer are aligned with
edges of (1) one of the functional gate stacks, or (i1) one of
the source/drain junctions.

A method of forming a device includes forming a plurality
of fins over a semiconductor substrate, forming a plurality of
sacrificial gate stacks over the fins, forming a spacer layer
over sidewalls of the sacrificial gate stacks, forming source/
drain junctions over exposed portions of the fins between
adjacent spacer layers, and forming an interlayer dielectric
over the source/drain junctions between adjacent spacer
layers.

A masking layer 1s formed over the interlayer dielectric
and over the sacrificial gate stacks, and an opeming 1s formed
in the masking layer to define a fin cut region. Using the
masking layer as an etch mask, the method further includes
selectively etching one of (1) the sacrificial gate stacks
within the fin cut region, or (11) the interlayer dielectric and
source/drain junctions within the fin cut region to expose the
fins within the fin cut region. Fin cut openings are formed by
ctching the exposed fins, and a dielectric fill layer 1s formed
within the fin cut openings.

A Turther method of forming a device includes forming a
plurality of fins over a semiconductor substrate, forming a
plurality of sacrificial gate stacks over the fins, forming a
spacer layer over sidewalls of the sacrificial gate stacks,
forming epitaxial source/drain junctions over exposed por-
tions of the fins between adjacent spacer layers, and forming,
an 1nterlayer dielectric over the source/drain junctions
between adjacent spacer layers.

A masking layer 1s formed over the interlayer dielectric
and over the sacrificial gate stacks, and an opening 1s formed
in the masking layer to define a fin cut region. Using the
masking layer as an etch mask, the method includes etching
one of (1) the sacrificial gate stacks within the fin cut region,
or (1) the interlayer dielectric and the epitaxial source/drain
junctions within the fin cut region, to expose the fins within
the fin cut region. The exposed fins are etched to form fin cut
openings, and a dielectric fill layer 1s formed within the fin
cut openings.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF
THE DRAWINGS

The following detailed description of specific embodi-
ments of the present application can be best understood
when read in conjunction with the following drawings,
where like structure 1s mndicated with like reference numer-
als and 1n which:

FIG. 1 1s a schematic diagram of a FinFET device layout
showing a fin cut region and the location of a fin cut opening,
within a second device region of a semiconductor substrate;

FIG. 2 1s a top-down schematic plan view diagram
showing a plurality of fins arrayed over a semiconductor
substrate:

FIG. 2A 15 a cross-sectional view along one of the fins of
FIG. 2;

FIG. 2B 1s a cross-sectional view transverse to the length
of the fins;

FIG. 3 1s a top-down schematic plan view diagram
showing the formation of sacrificial gates over the plurality

of fins;
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FIG. 3A 1s a cross-sectional view along one of the fins of
FIG. 3 showing the overlying sacrificial gates;

FIG. 3B 1s a cross-sectional view through the plurality of
fins showing an overlapping sacrificial gate;

FIG. 4 1s a top-down schematic plan view diagram
showing a post-planarization architecture including sidewall
spacers and an interlayer dielectric formed over the fins, and
the location of a fin cut region within a second device region
of the substrate;

FIG. 4A 1s a cross-sectional view showing the formation
of the sidewall spacers over the sacrificial gates and the
subsequent formation of epitaxial source/drain regions over
portions of a fin;

FIG. 4B 1s a cross-sectional view through the plurality of
fins showing an overlying sacrificial gate;

FIG. 5A depicts the formation and patterning of a masking,
layer defining a fin cut region over a portion of a fin and the
removal of the sacrificial gate caps from within the fin cut
region;

FIG. 5B shows the location of the masking layer in a
cross-sectional view transverse to the view of FIG. 5A;

FIG. 6 A depicts selective etching of the sacrificial gates
within the fin cut region;

FIG. 6B depicts etching of the sacrificial gates within the
fin cut region to expose a plurality of the fins;

FIG. 7A shows anisotropic etching of portions of the fins
within the fin cut region using the sidewall spacers and the
interlayer dielectric as an etch mask to form fin cut openings;

FIG. 7B shows etching of the fins withuin the fin cut
region;

FIG. 8A shows deposition of a dielectric fill layer within
the fin cut openings;

FIG. 8B shows deposition of a dielectric fill layer within
the fin cut openings and polishing of the dielectric fill layer;

FIG. 9 1s a top-down schematic plan view showing the
dielectric fill layer aligned with the sacrificial gates within
the fit cut region after removal of the masking layer;

FIG. 9A 1s a cross-sectional view showing the dielectric
{11l layer aligned with the sacrificial gates within the fin cut
region after removal of the masking layer and a recess etch
of the dielectric fill layer;

FIG. 9B 1s a cross-sectional view showing a recessed
dielectric fill layer within the fin cut region;

FIG. 10A shows removal of the remaining sacrificial gates
located outside of the fin cut region;

FIG. 10B shows removal of the sacrificial gate from
outside of the fin cut region;

FIG. 11 A depicts the formation of functional gates over
the fins within a first device region and over the recessed
dielectric fill layer within the second device region;

FIG. 11B depicts the formation of a functional gate over
the fins within the first device region and over the recessed
dielectric fill layer within the second device region;

FIG. 12 1s a top-down schematic plan view diagram
showing a tapered device architecture, including a four fin
device located within the first device region and a two fin
device located within the second device region;

FIG. 13 1s a top-down schematic plan view diagram
showing a post-planarization device architecture including
sidewall spacers and an interlayer dielectric formed over
semiconductor fins, and the location of a fin cut region
within a second device region according to further embodi-
ments;

FI1G. 14 depicts the formation and patterning of a masking,
layer defining a fin cut region over a portion of a fin within
the second device region;
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4

FIG. 15 shows anisotropic etching of portions of the fins
within the fin cut region using the sidewall spacers and the

sacrificial gates as an etch mask to form fin cut openings;

FIG. 16 shows deposition of a dielectric fill layer within
the fin cut opemings and polishing of the dielectric fill layer;

FIG. 17 shows a recess etch of the dielectric fill layer, the
deposition of an interlayer dielectric over the recessed
dielectric fill layer, and the removal of the sacrificial gate
caps to expose the sacrificial gates;

FIG. 18 shows removal of the sacrficial gates and the
formation of replacement functional gates over the fins
within the first and second device regions; and

FIG. 19 1s a top-down schematic plan view diagram
showing a tapered device architecture, including a four fin
device located within the first device region and an adjacent
two fin device located within the second device region.

DETAILED DESCRIPTION

Retference will now be made 1n greater detail to various
embodiments of the subject matter of the present applica-
tion, some embodiments of which are illustrated in the
accompanying drawings. The same reference numerals will
be used throughout the drawings to refer to the same or
similar parts.

The various components and layers of the structures
disclosed herein may be formed using a variety of difierent
maternials and methods, e.g., a chemical vapor deposition
(CVD) process, an atomic layer deposition (ALD) process,
a thermal growth process, spin-coating techniques, etc. The
compositions and thicknesses of these various layers of
material may vary depending upon the particular applica-
tion.

Various embodiments related to the formation of hybrid,
e.g., tapered, FinFET structures are described herein with
reference to FIGS. 2-19. A first embodiment 1s 1llustrated in
connection with FIGS. 2-12, and a second embodiment 1s
illustrated with reference to FIGS. 13-19. Tapered FinFET
structures include a first number of fins within a first device
region and a second number of fins within a second, adjacent
device region, where the first and second numbers of fins are
different and at least one of the fins within the first device
region extends ito the second device region.

Retferring to FIG. 2, a simplified top down plan view
schematic diagram of a FinFET architecture at an interme-
diate stage of fabrication includes a plurality of fins 102
disposed over a semiconductor substrate (not shown). A
shallow trench 1solation layer 120 1s formed over the sub-
strate and between adjacent fins 102. Reference line A 1s
oriented parallel to and along the length dimension of a {in,
while reference line B 1s oriented perpendicular to a length
dimension of the fins 102, 1.e., across later-formed gates.

Mutually transverse cross-sectional views of the FinFET
device structure of FIG. 2 are shown 1n FIG. 2A and FIG.

2B. FIG. 2A 1s taken along line A of FIG. 2, and FIG. 2B 1s
taken along line B. The exemplary structure includes a
semiconductor substrate 100 and a plurality of semiconduc-
tor fins 102 arrayed over the substrate 100.

In the 1llustrated embodiment, the semiconductor fins 102
are arranged 1n parallel and are laterally 1solated from each
other within a sub-fin region 122 by shallow trench 1solation
layer 120. The fins 102 extend above a top surface of the
shallow trench 1solation layer (ST1) layer 120 and define an
active device region 124.

Substrate 100 may include a semiconductor material such
as silicon, e.g., single crystal Si or polycrystalline Si, or a
silicon-contaiming material. Silicon-containing materials
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include, but are not limited to, single crystal silicon germa-
nium (S1Ge), polycrystalline silicon germanium, silicon
doped with carbon (S1:C), amorphous Si1, as well as com-
binations and multi-layers thereof. As used herein, the term
“single crystal” denotes a crystalline solid, in which the
crystal lattice of the entire solid 1s substantially continuous
and substantially unbroken to the edges of the solid with
substantially no grain boundaries.

The substrate 100 1s not limited to silicon-containing
materials, however, as the substrate 100 may include other
semiconductor materials, including Ge and compound semi-
conductors, including III-V compound semiconductors such
as GaAs, InAs, GaN, GaP, InSb, ZnSe, and ZnS, and 1I-VI
compound semiconductors such as CdSe, CdS, CdTe, ZnSe,
/nS and Zn'Te.

Substrate 100 may be a bulk substrate or a composite
substrate such as a semiconductor-on-insulator (SOI) sub-
strate that includes, from bottom to top, a handle portion, an
1solation layer (e.g., bunied oxide layer), and a semiconduc-
tor material layer.

Substrate 100 may have dimensions as typically used 1n
the art and may be, for example, a semiconductor water.
Example water diameters include, but are not limited to, 50,
100, 150, 200, 300 and 450 mm. The total substrate thick-
ness may range from 250 microns to 1500 microns, although
in particular embodiments the substrate thickness i1s 1n the
range of 725 to 7735 microns, which corresponds to thickness
dimensions commonly used in silicon CMOS processing.
The semiconductor substrate 100 may include (100)-or1-
ented silicon or (111)-ornented silicon, for example.

In various embodiments, fins 102 include a semiconduc-
tor material such as silicon, and may be formed by pattern-
ing and then etching the semiconductor substrate 100, e.g.,
a top portion of the semiconductor substrate. In several
embodiments, the fins 102 are etched from, and therefore
contiguous with the semiconductor substrate 100. For
instance, fins 102 may be formed using a sidewall image
transier (SIT) process as known to those skilled 1n the art.

In certain embodiments, the fins 102 can have a width of
5 nm to 20 nm and a height of 40 nm to 150 nm, although
other dimensions are also contemplated. Fins 102 may be
arrayed on the substrate at a regular intrafin spacing or pitch
(d). As used herein, the term “pitch” refers to the sum of the
fin width and the spacing between a pair of adjacent fins. In
example embodiments, the fin pitch (d) within a given
device region may be within a range of 20 to 100 nm, e.g.,
20, 30, 40, 50, 60, 70, 80, 90 or 100 nm, including ranges
between any of the foregoing values, although smaller and
larger pitch values may be used.

Shallow trench 1solation (ST1) layer 120 may be used to
provide electrical 1solation between the fins 102 and
between adjacent devices as 1s needed for the circuit(s)
being formed. An example STI process for FinFET devices
involves creating 1solation trenches in the semiconductor
substrate 100 through an anisotropic etch process. The
isolation trench between each adjacent fin may have a
relatively high aspect ratio (e.g., ratio of the depth of the
1solation trench to its width). A dielectric material, such as
silicon dioxide, 1s deposited into the 1solation trenches, for
example, using an enhanced high aspect ratio process
(cHARP) to fill the 1solation trenches. The deposited dielec-
tric material may then be polished by a chemical-mechanical
polishing (CMP) process that removes the excess dielectric
material and creates a planar STI structure. The planarized
oxide 1s then etched back to form a recessed, uniformly thick
oxide 1solation layer 120 between the fins 102, where upper
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sidewalls of the fins 102, 1.e., sidewalls within active device
region 124, can be exposed for further processing.

Referring to FIG. 3, FIG. 3A and FIG. 3B, a set of
sacrificial gate stacks 210 are arranged orthogonal to and
straddle the fins 102. The sacrificial gate stacks 210 are
formed directly over the fins 102 and directly over the STI
layer 120, 1.e., over substrate 100. The sacrificial gate stacks
210 may include a sacrificial gate layer 212 and an overlying
sacrificial gate cap 214, which are deposited 1n succession
and patterned using conventional lithography, for example.

In certain embodiments, the sacrificial gate layer 212 may
include a sacrificial oxide layer and an overlayer of amor-
phous silicon (a-S1), and the sacrificial gate cap 214 may
include silicon nitride. Amorphous elemental silicon can be
deposited using chemical vapor deposition, such as low
pressure chemical vapor deposition (LPCVD) at tempera-
tures ranging from 450° C. to 700° C. Silane (SiH,) can be
used as the precursor for CVD silicon deposition. The
sacrificial gate layer 212 may have a thickness suflicient to
completely cover the fins. For instance, a thickness of
sacrificial gate layer 212 may range from 50 to 200 nm, e.g.,
50, 75, 100, 125, 150, 175 or 200 nm, including ranges
between any of the foregoing values, although lesser and
greater thicknesses may be used.

Referring to FIG. 4, and 1n particular FIG. 4A and FIG.
4B, sidewall spacers 220 may be formed over sidewalls of
the sacrificial gate stack 210 by blanket deposition of a
spacer material (e.g., using atomic layer deposition) fol-
lowed by a directional etch such as reactive 1on etching
(RIE) to remove the spacer material from horizontal sur-
faces. Suitable sidewall materials for sidewall spacer 220
include oxides, nitrides and oxynitrides, such as silicon
dioxide, silicon nitride, silicon oxynitride, and low dielectric
constant (low-k) materials such as amorphous carbon, S10C,
S1OCN and S1BCN, as well as a low-k dielectric material. In
certain embodiments, the sidewall spacer 220 thickness 1s 4
to 20 nm, e.g., 4, 10, 15 or 20 nm, including ranges between
any of the foregoing values.

As will be appreciated, the compounds silicon dioxide
and silicon nitride have compositions that are nominally
represented as S10, and S1;,N_, respectively. As used herein,
the terms silicon dioxide and silicon nitride refer to not only
these stoichiometric compositions, but also to oxide and
nitride compositions that deviate from the stoichiometric
compositions.

Also, as used here, “horizontal” refers to a general direc-
tion along a primary surface of a substrate, and *“vertical” 1s
a direction generally orthogonal thereto. Furthermore, “ver-
tical” and “hornizontal” are generally perpendicular direc-
tions relative to one another independent of orientation of
the substrate 1 three-dimensional space.

FIG. 4A shows the structure of FIG. 3A after the depo-
sition of sidewall spacers 220 over the sacrificial gate stacks
210 and the formation of epitaxial source/drain junctions
230 over source/drain regions of the fin 102.

In the 1llustrated embodiment, source/drain junctions 230
are disposed over portions of the fins 102 (1.e., source and
drain regions) proximate to top surfaces thereof. As known
to those skilled 1n the art, source/drain junctions 230 may be
formed by 10n implantation or selective epitaxy, optionally
using the sacrificial gate stacks 210 and sidewall spacers 220
as an alignment mask. For instance, according to various
embodiments, source/drain junctions 230 are formed by
selective epitaxy into self-aligned locations that are defined
over the fins between the sacrificial gate stacks 210 and
over-formed sidewall spacers 220. That 1s, source/drain
junctions 230 are formed over source and drain regions of
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the fins 102 on either side of a channel region, which
underlies the sacrificial gate stack 210.

Source/drain junctions 230 may include silicon (e.g., S1)
or a silicon-containing material such as silicon germanium
(S1Ge). For instance, S1Ge source/drain junctions may be
incorporated mnto a p-MOS device to provide compressive
stress to the channel, which can improve carrier mobility.

Referring still to FIGS. 4 and 4A, an interlayer dielectric
(ILD) 250 1s deposited over the source/drain junctions 230,
1.€., between sacrificial gate stacks 210. The deposited ILD
layer 250, which may include silicon dioxide or a bi-layer of
s1licon nitride and an overlying layer of silicon dioxide, may
be polished to remove the overburden and create a planar-
1zed structure.

“Planarization” refers to a material removal process that
employs at least mechanical forces, such as frictional media,
to produce a substantially two-dimensional surface. A pla-
narization process may include chemical mechanical pol-
ishing (CMP) or grinding. Chemical mechanical polishing
(CMP) 1s a maternal removal process that uses both chemical
reactions and mechanical forces to remove material and
planarize a surface.

Referring again to FIG. 4, a fin cut region 300 identifies,
according to several embodiments, the portions of the fins
102 that are to be cut. According to the present embodiment,
along the length dimension of the fins, opposing ends of the
fin cut region 300 overlie ILD 250.

Referring to FIG. 5A and FIG. 5B, a masking layer 310
(e.g., an organic planarization layer or OPL) 1s patterned and
ctched to form an opening 315 aligned with the fin cut region
300. At the intermediate stage of fabrication shown in the
illustrated embodiment, the sacrificial gate cap 214 1s
removed, and top surfaces of the sacrificial gate layer 212
and the ILD 250 are exposed at the bottom of the opening
315.

Patterning and etching of masking layer 310 to form the
opening 315 may include forming a lithography stack over
the masking layer (not shown). For instance, a lithography
stack may include one or more of a photoresist layer, an etch
stop layer, an amorphous carbon layer, an adhesion layer, an
oxide layer, and a nitride layer. Such layers may be config-
ured as known to those skilled in the art to provide a suitable
masking layer to pattern and etch the underlying layer(s).
According to various embodiments, the areal dimensions of
the openings 315 are withun lithography process windows
for forming such structures.

The pattern transier etching process to form opening 315
1s typically an anisotropic etch. In certain embodiments, a
dry etching process such as, for example, reactive ion
ctching (RIE) can be used. In other embodiments, a wet
chemical etchant can be used. In still further embodiments,
a combination of dry etching and wet etching can be used.

Referring to FIG. 6 A and FIG. 6B, after exposing sidewall
spacers 220 and ILD 250 within the fin cut region 300, a
selective etch 1s used to remove the sacrificial gate layer 212
and expose the underlying fin 102. That 1s, the selective etch
removes the sacrificial gate layer 212 selectively with
respect to sidewall spacers 220 and ILD 250.

As used herein, the terms “selective” or “selectively” 1n
reference to a material removal or etch process denote that
the rate ol material removal for a first material 1s greater than
the rate of removal for at least another material of the
structure to which the material removal process 1s applied.
For example, 1n certain embodiments, a selective etch may
include an etch chemistry that removes a first material
selectively to a second material by a ratio of 2:1 or greater,
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Within the fin cut region 300, exposed portions of the fins
102 are then etched using a selective fin etch to form fin cut
openings 330. The fin etch may be an 1sotropic or an
anisotropic etch. Silicon, for example, can be etched selec-
tively with respect to the sidewall spacers 220 and ILD 250.
In certain embodiments, as shown in FIG. 7A and FIG. 7B,
the fin cut etch extends into the substrate 100, such that
portions of both the active device region 124 and the sub-fin
region 122 of the fins within the fin cut region 300 are
removed.

Referring to FIG. 8A and FIG. 8B, fin cut openings 330
created by removing portions of the fins 102 are then
back-filled with a dielectric fill layer 400. Dielectric fill layer
400 may include silicon nitride, for example. The structure
can then be planarized, e.g., using the sacrificial gate cap 214
as an etch stop layer. The ilaid dielectric fill layer 400
within the fin cut region 300 1s shown 1n FIG. 9.

Referring to FIG. 9A and FIG. 9B, a recess etch of the
dielectric fill layer 400 within the fin cut region 300 defines
openings 4350. In the illustrated embodiment, a bottom
surface of each opening 450, 1.e., a top surface of the
recessed dielectric fill layer 400, 1s above a top surface of the
fin 102.

The recess etch of the dielectric fill layer 400 within the
fin cut region 300 may precede or accompany a selective
etch of the sacrificial gate layer 212 outside of the fin cut
region to form openings 460. The device structure following
the recess etch of the dielectric fill layer 400 and removal of
the sacrificial gate layer 212 1s shown 1n FIG. 10A and FIG.
10B.

Referring to FIG. 11A and FIG. 11B a functional gate
architecture 500 1s formed over the fins 120, 1.e., over the
active device region 124 within openings 460 and also
within openings 450. The functional gate architecture 500
includes a gate dielectric layer and one or more gate con-
ductor layers, which are deposited 1n succession. For sim-
plicity, the individual layers of the gate architecture 500 are
not separately shown.

As used herein, a “functional gate” refers to a structure
used to control output current (i.e., the flow of carriers
through a channel) of a semiconductor device using an
clectrical field or, 1n some 1nstances, a magnetic field, and
includes a gate dielectric and a gate conductor. Metallization
of the functional gates and the source/drain regions may be
used to form operable devices.

As will be appreciated, independent transistors may be
connected by local interconnection methods and/or back end
of the line metallization layers to form integrated circuits,
such as SRAM devices. Referring to FIG. 12, a schematic
top-down plan view layout of a FinFET device architecture
according to the present embodiment includes a plurality of
semiconductor fins 102 arrayed over a semiconductor sub-
strate (not shown). As shown, a first plurality of fins 102
define a first device region 610. The first plurality of fins
within the first device region 610 may define a first four-fin
device, such as a PFET device, for example. A second
plurality of fins 102 define a second device region 620. The
second plurality of fins within the second device region 620
may define a second four-fin device, such as an NFET
device.

Fins 102 extend from first and second device regions 610,
620 laterally into third and fourth device regions 615, 625,
respectively. According to the 1nstant embodiment, selected
fins 102 within the third and fourth device regions 615, 625
have been cut by exposing portions of the fins within
openings that are formed by removing a sacrificial gate and
cetching the exposed portions of the fins. With such an
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approach, 1.e., removing the sacrificial gate and using the
sidewall spacers 220 and ILD 2350 as an etch mask for a fin
cut module, the cut regions of the fins are aligned with the
later-formed functional gate 500. The cut fins enable the
formation of a tapered device architecture including, for
example, two-fin devices within third and fourth device
regions 615, 625.

Referring still to FIG. 12, source/drain contacts 520
overlie source/drain junctions 230 of the fins, and functional
gates 500 overlie the fins between adjacent source/drain
junctions, 1.e., over channel regions of the fins. A gate
contact 530 1s 1n electrical contact with gate 500. In the
illustrated embodiment, the first four-fin device and the
second four-fin device within the first and second device
regions 610, 620, respectively, share a common gate 500 and
a common gate contact 530, and the first two-fin device and
the second two-1in device within the third and fourth device
regions 615, 625, respectively, share a common gate 500 and
a common gate contact 530, where the gate and gate contact
for the four fin devices 1s diflerent than the gate and gate
contact for the two fin devices. Removal of the sacrificial
gate stacks 210 as well as the recess etch of the dielectric fill
layer 400 allows each replacement gate 500 to traverse
multiple fins. That 1s, within the third and fourth device
regions 615, 625, gate 500 overlies uncut fins and 1s aligned
with the fin cut(s).

Further, fins 102 that form the first two-fin device within
the third device region 615 are common to a subset of the
fins that form the first four-fin device within the first device
region 610, and fins that form the second two-fin device
within the fourth device region 625 are common to a subset
of the fins that form the second four-fin device within the
second device region 620.

The instant method of severing selected fins to form two
fin devices, e.g., where a lower drive current may be
required compared to four fin device, produces a fin cut that
1s aligned to the later-formed gate, and obviates etch damage
to the fins, e.g., within source/drain regions thereof.

According to a further embodiment, the sacrificial gate
stack and the sidewall spacers can be used as an etch mask
for a fin cut module by first removing the ILD 250 and
source/drain junction 230 overlying the fin. Referring to
FIG. 13, following the formation of a plurality of fins,
sacrificial gate stacks 210 over the fins, sidewall spacers 220
over the sacrificial gate stacks 210, source/drain junctions
and a planarized ILD layer 250, a top down plan view
schematic diagram of a FinFET architecture includes a fin
cut region 300 defined according to a further embodiment.
In the illustrated structure, along the length dimension of the
fins 120, opposing ends of the fin cut region 300 shown 1n
FIG. 13 overlie sacrificial gate stacks 210.

Thus, as in the previous embodiment, the fin cut region
300 defines the portions of fins that are to be cut. In lieu of
removing the sacrificial gate stacks within the gate cut
opening and using the sidewall spacers and ILD layer as an
etch mask to cut the fins, however, according to the present
embodiment, the ILD layer and source/drain junctions are
removed within the fin cut region 300, and the sacrificial
gate stack 210 and sidewall spacers 220 are used as an etch
mask to cut the fins.

Referring to FIG. 14, masking layer 310 (e.g., an organic
planarization layer or OPL) 1s patterned and etched to form
an opening 315 in the masking layer 310 aligned with the fin
cut region 300. The structure following a selective etch
within the fin cut region 300 of the ILD layer 250, source/
drain junctions 230 and exposed fins 102 1s shown 1n FIG.
15. As 1n the previous embodiment, the fin cut etch extends
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into the substrate 100, such that both the active device region
124 and the sub-fin region 122 of the fins within the fin cut
region 300 are removed to form fin cut openings 330.

Referring to FIG. 16, openings 330 created by removing,
the fins 102 are then back-filled with a dielectric fill layer
400. The structure can be planarized to remove the dielectric
{11l layer overburden, e.g., using the sacrificial gate cap 214
as an etch stop layer.

Referring to FIG. 17, shown 1s the structure of FIG. 16
following a recess etch of the dielectric fill layer 400,
deposition of an interlayer dielectric 250 within the recesses,
and removal of the sacrificial gate cap 214 from over the
sacrificial gate layer 212. In certain embodiments, the
dielectric fill layer 400 includes silicon nitride and the
interlayer dielectric 250 includes silicon dioxide. In such
case, replacing a nitride layer with an oxide layer may
beneficially decrease the capacitance of the circuit. Refer-
ring to FIG. 18, the sacrificial gate layer 212 1s removed and
replaced with a functional gate architecture 3500. In the
present embodiment, the functional gate architecture 500 1s
formed over fins 1nside and outside of the {in cut region.

Referring to FIG. 19, shown 1s a schematic top-down plan
view layout of a FinFET device architecture according to the
present embodiment. The tapered device architecture
includes a plurality of semiconductor fins 102 arrayed over
a semiconductor substrate (not shown).

In the 1llustrated embodiment, each of first and second
device regions 610, 620 includes a four-fin device, such as
a PFET device and an NFET device, respectively. Fins 120
from the first and second device regions extend laterally into
third and fourth device regions 615, 625, where selected fins
have been cut and the remaining fins form two-fin devices.
The fin cut openings 330 within the third and fourth device
regions are aligned to the source/drain contacts 520, which
overlie source/drain junctions.

As will be readily apparent to those skilled 1n the art, the
methods and structures disclosed herein may be employed in
manufacturing a variety of different devices, including, but
not limited to, logic devices, memory devices, etc., and the
devices may be may be either PMOS or NMOS devices.

As used herein, the singular forms “a,” “an” and “the”
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to a “fin” 1includes
examples having two or more such “fins” unless the context
clearly indicates otherwise.

Unless otherwise expressly stated, it 1s 1n no way intended
that any method set forth herein be construed as requiring
that 1ts steps be performed 1n a specific order. Accordingly,
where a method claim does not actually recite an order to be
tollowed by 1ts steps or it 1s not otherwise specifically stated
in the claims or descriptions that the steps are to be limited
to a specific order, 1t 1s no way intended that any particular
order be mferred. Any recited single or multiple feature or
aspect 1n any one claim can be combined or permuted with
any other recited feature or aspect 1n any other claim or
claims.

It will be understood that when an element such as a layer,
region or substrate 1s referred to as being formed on,
deposited on, or disposed “on” or “over” another element, 1t
can be directly on the other element or intervening elements
may also be present. In contrast, when an element 1s referred
to as being “directly on” or “directly over” another element,
no interveming elements are present.

While various features, elements or steps of particular
embodiments may be disclosed using the transitional phrase
“comprising,” 1t 1s to be understood that alternative embodi-
ments, including those that may be described using the
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transitional phrases “‘consisting” or “consisting essentially
of,” are implied. Thus, for example, implied alternative
embodiments to a sacrificial gate that comprises amorphous
s1licon include embodiments where a sacrificial gate consists
essentially of amorphous silicon and embodiments where a
sacrificial gate consists of amorphous silicon.

It will be apparent to those skilled 1n the art that various
modifications and variations can be made to the present
invention without departing from the spirit and scope of the
invention. Since modifications, combinations, sub-combina-
tions and variations of the disclosed embodiments 1ncorpo-
rating the spirit and substance of the invention may occur to
persons skilled in the art, the invention should be construed
to include everything within the scope of the appended
claims and their equivalents.

What 1s claimed 1s:

1. A device comprising:

a plurality of fins disposed over a semiconductor sub-
strate, the fins comprising source/drain regions and
channel regions extending between the source/drain
regions;

source/drain junctions disposed over the source/drain
regions;

an interlayer dielectric disposed over the source/drain
junctions;

a cut opening located between an adjacent pair of the
source/drain junctions and extending into the semicon-
ductor substrate;

a dielectric fill layer disposed within a bottom portion of
the cut opening, wherein a top surface of the dielectric
{11l layer extends to or above a top surface of the fins
and extends to a top surface of the source/drain junc-
tions;

and

a functional gate stack disposed over each of the channel
regions of the plurality of fins and within a top portion
of the cut opening over and contacting the top surface
of the dielectric fill layer, wherein a pair of opposing
edges of the dielectric fill layer within the cut opening
are aligned with edges of (1) the functional gate stack
within the top portion of the cut opening, or (1) one of
the adjacent pair of the source/drain junctions.

2. The device of claim 1, wherein the functional gate stack
within the top portion of the cut opening directly overlies the
dielectric fill layer within the bottom portion of the cut
opening.

3. The device of claim 1, wherein the dielectric fill layer
comprises silicon nitride.

4. The device of claim 1, wherein the pair of opposing
edges are oriented perpendicular to a length direction of at
least one of the plurality of fins.

5. The device of claim 1, further comprising a spacer layer
disposed over sidewalls of the interlayer dielectric.

6. The device of claam 35, wherein the spacer layer
comprises silicon nitride.

7. The device of claim 1, wherein the dielectric fill layer
extends into the semiconductor substrate a distance greater
than a length of each of the plurality of fins.

8. The device of claim 1, wherein the plurality of fins
include a first plurality of fins within a first region of the
semiconductor substrate and a second plurality of fins with
a second region of the semiconductor substrate, wherein the
cut opening 1s disposed within the second region of the
semiconductor substrate.

9. The device of claim 1, wherein the plurality of fins
include a first plurality of fins within a first region of the
semiconductor substrate and a second plurality of fins with
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a second region of the substrate, and at least one of the
second plurality of fins extends 1nto the first region.

10. A device comprising:

a plurality of fins disposed over a semiconductor sub-
strate, the plurality of fins including source/drain
regions and channel regions extending between the
source/drain regions;

source/drain junctions disposed over the source/drain
regions of the plurality of fins;

an 1nterlayer dielectric disposed over the source/drain
junctions;

a cut opening located between an adjacent pair of the
source/drain junctions and extending into the semicon-
ductor substrate;

a dielectric fill layer disposed within a bottom portion of
the cut opening, wherein a top surface of the dielectric
{11l layer extends to or above a top surface of the fins
and extends to a top surface of the source/drain junc-
tions;

and

a Tunctional gate stack disposed over each of the channel
regions of the plurality of fins and within a top portion
of the cut opening over and contacting the top surface
of the dielectric fill layer, wherein a pair of opposing
edges of the dielectric fill layer within the top portion
of the cut opening are aligned with edges of the
functional gate stack within the top portion of the cut
opening.

11. The device of claam 10, wherein the functional gate
stack within the top portion of the cut opening directly
overlies the dielectric fill layer within the bottom portion of
the cut opening.

12. The device of claim 10, wherein the pair of opposing
edges are oriented perpendicular to a length direction of at
least one of the plurality of {ins.

13. The device of claim 10, further comprising a silicon
nitride spacer layer disposed over sidewalls of the interlayer
dielectric.

14. The device of claim 10, wherein the dielectric fill layer
extends into the semiconductor substrate a distance greater
than a length of each of the plurality of fins.

15. The device of claim 10, wherein the plurality of fins
include a first plurality of fins within a first region of the
semiconductor substrate and a second plurality of fins within
a second region of the semiconductor substrate, wherein the
cut opening 1s disposed within the second region of the
semiconductor substrate.

16. A device comprising:

a plurality of fins disposed over a semiconductor sub-
strate, the plurality of fins including source/drain
regions and channel regions extending between the
source/drain regions;

source/drain junctions disposed over the source/drain
regions of the plurality of fins;

an 1interlayer dielectric disposed over the source/drain
junctions;

a cut opening located between an adjacent pair of the
source/drain junctions and extending into the semicon-
ductor substrate:

a dielectric fill layer disposed within a bottom portion of
the cut opening, wherein a top surface of the dielectric
{11l layer extends to or above a top surface of the fins
and extends to a top surface of the source/drain junc-
tions;

and
a functional gate stack disposed over each of the channel
regions of the plurality of fins and within a top portion
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of the cut opening over and contacting the top surface
of the dielectric fill layer, wherein a pair of opposing
edges of the dielectric fill layer within the top portion
of the cut opening are aligned with and contact edges
of one of the adjacent pair of the source/drain junctions. 5

17. The device of claim 16, wherein the functional gate
stack within the top portion of the cut opening directly
overlies the dielectric fill layer within the bottom portion of
the cut opening.

18. The device of claim 16, wherein the pair of opposing 10
edges are oriented perpendicular to a length direction of at
least one of the plurality of fins.

19. The device of claim 16, further comprising a silicon
nitride spacer layer disposed over sidewalls of the interlayer
dielectric. 15

20. The device of claim 16, wherein the plurality of fins
include a first plurality of fins within a first region of the
semiconductor substrate and a second plurality of fins within
a second region of the substrate, wherein the cut opening 1s
disposed within the second region of the semiconductor 20
substrate.

14
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